Reactions of [Pt 2 (-S) 2 (PPh 3 ) 4 ] with a range of nickel(II) substrates have been explored using electrospray mass spectrometry, coupled with synthesis and characterization in 2 selected systems. The X-ray crystal structure of [Pt 2 (-S) 2 (PPh 3 ) 4 Ni(NCS)(PPh 3 )] + PF 6 is reported.
Introduction
The metalloligand [Pt 2 (-S) 2 (PPh 3 ) 4 ] 1 contains highly nucleophilic sulfur atoms, and has been used to assemble a wide variety of sulfide-bridged homo-and hetero-metallic aggregates. [1, 2] Complexes containing other phosphine ligands such as dppe (Ph 2 PCH 2 CH 2 PPh 2 ) also show similar behaviour, but have been less studied to date. [3] Recently, we have been using the technique of electrospray ionisation mass spectrometry (ESMS) to probe reactions of [Pt 2 (-S) 2 (PPh 3 ) 4 ] [2, 4] and the selenium analogue [Pt 2 (-Se) 2 (PPh 3 ) 4 ] [5] towards metal halides and related substrates, and some of these results 3 have been summarised in a review. [6] The results from these mass spectrometry studies can then be used to direct subsequent macroscopic syntheses to the more promising reaction systems, thus providing an efficiency of operation, and conserving precious metals.
In this paper we report the application of this methodology to the study of the reactivity of [Pt 2 (-S) 2 (PPh 3 ) 4 ] 1 towards a range of nickel(II) complexes. Little work has been done to date in this area; while derivatives of the {Pt 2 S 2 } core are known for many metals, the only nickel species known to date is [Pt 2 (-S) 2 (PPh 3 ) 4 Ni(dppe)] 2+ . [7] Indeed, all other compounds containing the Pt-S-Ni-S four-membered ring system are complexes of thiolate ligands, where each S is alkylated. [8] As will be demonstrated, the {Pt 2 S 2 } core supports nickel substrates bearing a wide range of ancillary ligands.
Results and discussion

Reactivity with nickel(II) phosphine complexes
As an initial entry into the chemistry of the {Pt 2 S 2 } core with nickel(II), complexes containing bidentate phosphines were investigated, since the only known nickel adduct of the {Pt 2 S 2 } core is of the dppeNi 2+ fragment. [7] Reactions involving a 1:1 molar ratio of [Pt 2 (-S) 2 (PPh 3 ) 4 ] with the various nickel complexes were probed by electrospray mass spectrometry (ESMS), as a convenient and established method for monitoring the coordination chemistry of the {Pt 2 S 2 } system. [2, 4, 6] [NiCl 2 (dppe)] was studied, together with related complexes [NiCl 2 (dppp)] [dppp = Ph 2 P(CH 2 ) 3 PPh 2 ] and [NiCl 2 (dppf)] [dppf = 1,1'-Fe(C 5 H 5 PPh 2 ) 2 ], for comparative purposes. In all cases, the common ion observed was the dicationic [Pt 2 (-S) 2 (PPh 3 ) 4 NiL] 2+ ion (L = bidentate ligand). In the case of the dppf system, the orange [Pt 2 (-S) 2 (at 360 K), followed by coalescence of all resonances at 400 K. On cooling back to 298 K the complex was largely unchanged, except for a small amount of Ph 3 PO decomposition product ( 43) (air was not excluded). Room temperature fluxional behaviour in a related {Pd 3 S 2 } aggregate was reported previously [10] ; in this case, the greater lability of palladium compared to platinum is expected to be a significant factor. The PPh 3 ligand on nickel does not appear to be labile on the NMR timescale at room temperature, since addition of free PPh 3 to a CDCl 3 solution of 2a did not broaden the 31 PPh 3 -Ni resonance, and a sharp peak for free PPh 3 ( -5) was observed.
An attempt was made to find an alternative route to [Pt 2 (- (presumably by reaction with azide ions). Electrospray mass spectrometry clearly provides a rapid and informative technique for monitoring such exchange reactions.
X-ray crystal structure of [Pt 2 (-S) 2 (PPh 3 ) 4 Ni(NCS)(PPh 3 )]PF 6 2b
Since no crystal structures have been previously carried out on nickel adducts of the {Pt 2 S 2 } core, and to confirm the square-planar geometry at nickel, the molecular structure of the title complex was determined. Crystals were grown from acetone-hexane, and the complex crystallises with three molecules of acetone per cation. Selected bond lengths and angles for the structure are summarised in Table 2 . The molecular structure, Figure 1 [L = 1'-(diphenylphosphino)ferrocenecarboxylic acid] which has Ni-N 1.819(5) Å [13] and [13] and trans- [11] . This is presumably because in 2b the PPh 3 on Ni is trans to a triply-bridging sulfido ligand (with presumably a lower trans-influence than another PPh 3 ligand), thus shortening the Ni-P bond in 2b. Likewise, in 2b the NCS ligand is also trans to a sulfido ligand, but this presumably has a higher trans influence than another NCS ligand present in the trans-[Ni(NCS) 2 (phosphine) 2 ] type complexes compared above, so the Ni-N bond in 2b is longer.
It is worth commenting on the nature of the product observed in 2b, i.e. a monocation with one phosphine and one NCS ligand, and a square-planar nickel(II).
Presumably, the species [{Pt 2 S 2 }Ni(PPh 3 ) 2 ] 2+ is disfavoured because of steric bulk of the PPh 3 ligands, and the relatively short Ni-S and Ni-P bonds which accentuate this. (By comparison, species of the type [{Pt 2 S 2 }Pt(phosphine) 2 ] 2+ are well-known, and stable [7, 14] ) In addition, due to the much greater lability of nickel(II) compared with platinum(II), a PPh 3 ligand can be lost from the former metal more easily, thereby reducing steric congestion.
It might be initially expected that the nickel might adopt a tetrahedral geometry to minimise steric interactions with the bulky PPh 3 ligands. Indeed, nickel(II) complexes can adopt square-planar, tetrahedral or octahedral geometries, depending on the ligands.
However, nickel(II) thiocyanate complexes invariably have a square-planar geometry, and the same electronic effect also appears to direct the square-planar nickel geometry in 2a.
Reactivity with nickel(II) complexes containing bidentate monoanionic nitrogen/oxygen donor ligands
With the success in the nickel-thiocyanate system discussed in the preceding 
Conclusions
We have successfully used electrospray mass spectrometry to probe the reactivity of when L is a neutral bidentate phosphine ligand (such as dppf) or 2,2'-bipyridine. In these cases, the reduced lability results in retention of this ligand in preference to an anion.
Experimental
General procedures
Reactions were carried out in LR grade methanol, with no precautions taken to exclude air or moisture. Products were recrystallised from dichloromethane and diethyl ether that were dried and distilled (from CaH 2 and sodium benzophenone ketyl respectively) under a nitrogen atmosphere prior to use. Water was double distilled prior to use. 
Mass spectrometry experiments
[Pt 2 (-S) 2 (PPh 3 ) 4 ] 1 (25 mg) and the nickel substrate (e.g NiX 2 (PPh 3 ) 2 , X = Cl, Br, I, NCS;
1 mole equivalent) were suspended in ca. 20 mL methanol, and stirred for 24 h. A small sample (ca. 5 drops) of the reaction solution was withdrawn, diluted with methanol (2 mL), centrifuged (to remove any traces of insoluble matter) and injected directly into the mass spectrometer.
Synthesis of [Pt 2 (-S) 2 (PPh 3 ) 4 Ni(NCS)(PPh 3 )] + BPh 4 -2a
The complex [Pt 2 (-S) 2 were independent (R int = 0.0330). The structure was solved by direct methods in conjunction with standard difference Fourier techniques. Non-hydrogen atoms were refined anisotropically. There are three acetone solvent molecules per cation, and the F atoms in the PF 6 counterion are disordered. Common isotropic thermal parameters were refined for the solvent atoms. Hydrogen atoms were placed in calculated (dC-H = 0.96 Å) positions.
The largest peak and hole in the difference map were 1.183 and -1.077 e Å -3 respectively.
The least-squares refinement converged normally with residuals of R (based on F) = 0.0444, wR (based on F 2 ) = 0.0970, and GOF = 1.138 [based on I > 2(I)]. The software SMART [29] was used for collection of frames of data, indexing reflections, and for determination of lattice parameters, SAINT [29] for integration of intensity of reflections and scaling, SADABS [30] for empirical absorption correction, and SHELXTL [31] for space group and structure determination, refinements, graphics and structure reporting.
Crystal data for C 100 H 93 F 6 NNiO 3 P 6 Pt 2 S 3 : monoclinic, space group P2 1 /n, Z = 4, a = 18.785(2), b = 14.8294 (11) , c = 34.665(4) Å,  = 102.032(9)°, V = 9444.7(15) Å 3 , D calc = 1.548 g cm -3 , F(000) = 4400.
Supplementary information
Crystallographic data have been deposited with the Cambridge Crystallographic 
